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Cytokinesis is the process by which cells physically separate after the duplication and 
spatial segregation of the genetic material. A number of general principles apply to this 
process. First the microtubule cytoskeleton plays an important role in the choice and posi-
tioning of the division site. Once the site is chosen, the local assembly of the actomyosin 
contractile ring remodels the plasma membrane. Finally, membrane trafficking to and 
membrane fusion at the division site cause the physical separation of the daughter cells, a 
process termed abscission. Here we will discuss recent advances in our understanding of 
the mechanisms of cytokinesis in animals, yeast, and plants.Cytokinesis is the cell division process at the end of 
mitosis in which the cytoplasm of a cell is physically par-
titioned into two. Although the details of how cytokine-
sis proceeds differ between organisms, many of the key 
players involved in this process are conserved (see Table 
S1 available online with this article for further details). In 
all eukaryotic organisms the two main components of 
the cytoskeleton, tubulin and actin, are of critical impor-
tance for cytokinesis. Another key feature is the require-
ment for protein kinases and signaling networks to relay 
positional information about the chromosomes from the 
spindle microtubules in anaphase to the cell cortex. By 
transporting regulators of Rho GTPase along microtu-
bules, kinesin motor proteins restrict the localization 
of these regulators thereby ensuring the local control 
of Rho activity at the cortex. Rho activity controls cell 
shape by regulating the actin cytoskeleton. Finally, after 
the remodeling of cell shape by the actomyosin ring, 
SNARE-dependent membrane fusion steps promote the 
abscission event needed to complete cytokinesis.
Understanding the mechanism of cytokinesis is a cen-
tral problem in cell biology, but it is important to inves-
tigate this process for other reasons. A long-standing 
hypothesis on the mechanism of tumorigenesis states 
that the failure of cell division results in the formation 
of genetically unstable tetraploid cells with multiple 
centrosomes (Boveri, 2007; Fujiwara et al., 2005). The 
inability of these cells to segregate their chromosomes 
correctly results in the development of aneuploid cells 
with altered growth properties that may then go on to 
form malignant tumors. Consistent with these ideas, it 
was recently demonstrated that tetraploid but not dip-
loid mammary epithelial cells derived from p53 null mice 
promote tumors in nude mice (Fujiwara et al., 2005). 
Further evidence for a role of cytokinesis in tumorigen-
esis comes from reports that mutations in some tumor 
supressors lead to increased cytokinesis failure (Caldwell et al., 2007), and components required for cytokine-
sis are either upregulated in tumors or are encoded by 
genes that lie in regions of chromosomes found deleted 
or amplified in tumors and tumor-derived cell lines (Cor-
son and Gallie, 2006; Roversi et al., 2006). It is therefore 
important to understand how these proteins normally 
function to promote cytokinesis, and how misregulation 
of this pathway can lead to division failure. Tumor for-
mation is mainly of interest in the context of human dis-
ease; however many of the key insights into the process 
of cytokinesis have been made in other organisms such 
as yeast and plants. Here we discuss recent progress 
in identifying the underlying molecular mechanisms of 
cytokinesis in different model systems.
Selecting the Site of Cell Division
Microtubules—Spatial Regulators of Cytokinesis
Cytokinesis is tightly coupled to chromosome segrega-
tion, in terms of both its spatial and temporal regulation. 
One of the first steps in cytokinesis is the specification 
of the future division site, and it is important that this is 
correctly positioned relative to the segregated chromo-
somes so that each daughter cell receives a single copy 
of the genome. How the positioning of the division site 
is achieved differs between animals, plants, and yeast, 
but in all cases microtubules play a key role in selecting 
the site of division (Figure 1). Experiments performed by 
Rappaport more than 40 years ago demonstrated that 
the position of the mitotic spindle is critical for deter-
mining the site of cleavage in animal cells (for review 
see Glotzer, 2004 and references therein). There has 
since been much debate over which part of the spindle 
apparatus transmits this division signal, but compelling 
evidence exists for the view that the anaphase spindle 
midzone (the region of overlapping microtubules in 
the center of the spindle after the chromosomes have 
moved to the poles, also called the central spindle) is Cell 131, November 30, 2007 ©2007 Elsevier Inc. 847
Figure 1. Cytokinesis in Animals, Plants, and Yeast
The selection of the division site and cytokinesis relative to other key cell-cycle transitions is shown for animal cells, plants, and budding and fission 
yeast. In animal cells the division site is selected by the action of the central spindle at the metaphase to anaphase transition in somatic cell divisions 
where the spindle essentially fills the cell. In this case the central spindle can physically interact with the cortex prior to furrow formation and ingres-
sion and can control these processes (red arrows). In early embryonic divisions the cell is much larger and only astral microtubules can reach the 
cell cortex. This aster-stimulated pathway can initiate division site choice and furrow ingression (red arrows), and only at later times once the furrow 
has ingressed sufficiently does the central spindle signal to the cell cortex (red arrows). In plants, the division site is dictated as cells enter mitosis 
by the formation of an array of microtubules, the preprophase band (PPB). This site is then marked by AIR9, a microtubule-associated protein (red 
semicircle), and is important for controlling the site at which the phragmoplast (PM) microtubules form following entry into telophase. Vesicles ac-
cumulate and fuse at this site to form a new cell plate. In budding yeast the site of cell division is predetermined by the bud scar from the previous 
cell cycle. Growth occurs adjacent to this site to form a new bud (red arrows), and this process is under the control of the actin cytoskeleton (brown 
circles and dotted lines) and Rho GTPases. In telophase, secretion is directed to the bud neck and contractile ring (dotted brown ring) due to the 
local activation of Rho GTPases, and septation then occurs. In fission yeast, the nucleus is positioned in the center of the cell due to the action of 
microtubules probing the cell cortex as cells enter mitosis. The middle of the cell is then marked by the release of the actin-binding protein Mid1 
(brown semicircle) from the nucleus. In anaphase the contractile ring then forms at this site and starts to contract. Unlike other organisms fission 
yeast has already re-entered S phase prior to completion of cytokinesis. A more detailed description of these events is provided in the main text of 
this article. Microtubules, green; actin and the actomyosin contractile ring, brown; kinetochores and centrosomes, yellow; chromosomes, blue.one key stimulus for cleavage furrow formation (Glotzer, 
2004). This is supported by observations that although 
the cells of flies lacking centrioles also lack astral micro-
tubules they can still form a functional cleavage furrow 
and undergo cytokinesis (Basto et al., 2006). Therefore, 
the presence of asters is not strictly required for cleav-
age furrow formation and cytokinesis. However, in cer-
tain instances such as the early embryo of the nematode 
worm Caenorhabditis elegans, mutants lacking a central 
spindle are still able to establish deep cleavage furrow 
ingressions in the correct position, arguing against an 
early requirement for the central spindle in positioning 
the site of division (Jantsch-Plunger et al., 2000).
How can these opposing ideas on the origin of the sig-
nal that determines cleavage furrow position be recon-
ciled? Reinvestigation of this problem suggests two dif-
ferent but not mutually exclusive models (Bringmann and 
Hyman, 2005; Dechant and Glotzer, 2003). Studies of C. 848 Cell 131, November 30, 2007 ©2007 Elsevier Inc.elegans mutants with impaired centrosome separation 
or central spindle defects suggest that cleavage furrow 
formation is induced by a local minimum of microtubule 
density below the cortex (Dechant and Glotzer, 2003). 
This local microtubule minimum may be achieved by the 
separation of the centrosomes away from the cell equa-
tor and the formation of the central spindle, thus seques-
tering microtubules away from the cell cortex (Dechant 
and Glotzer, 2003). This model is attractive because 
it provides a unifying theory on the requirements for 
cleavage furrow formation. However, it leaves open the 
question of how a local minimum in microtubule density 
can induce furrowing. An alternative model, again per-
formed in C. elegans early embryos, posits that normal 
furrowing requires inputs from both the asters and the 
central spindle, and that these signals are temporally 
distinct (Bringmann and Hyman, 2005). It is tempting to 
speculate that all organisms use both the aster-directed 
and the central spindle pathways to initiate and enforce 
cleavage furrow formation, and the relative importance 
of the two signals differs between cell types and species 
(Figure 1). The large C. elegans embryo where furrowing 
can occur almost to completion in the mutants lacking 
a central spindle and the somatic cells of an equivalent 
Drosophila mutant that fail to form cleavage furrows thus 
represent the two extreme cases (Glotzer, 2004).
Determination of the Cell Division Plane in Plants
In plant cells, as in animal cells, microtubules in con-
junction with the actin cytoskeleton play a crucial role in 
determining the site of cell division (Smith, 2001). How-
ever, in plant cells the future division site is established 
very early in mitosis, before prophase, by the so-called 
preprophase band (Figure 1). This is a belt-like structure 
of microtubules and actin filaments formed at the cell 
cortex that marks the future division site. The prepro-
phase band is disassembled upon entry into mitosis but 
leaves behind localized signals to direct the attachment 
of the phragmoplast, a structure containing microtu-
bules and F-actin that guides the formation of a new cell 
wall between the segregated chromosomes in anaphase 
following Cdk1 inactivation (Jurgens, 2005; Smith, 2001). 
How this cell division site signal is retained and recog-
nized is beginning to emerge, and two microtubule-as-
sociated proteins (MAPs), TAN1 and AIR9, are involved 
in this process (Buschmann et al., 2006; Smith, 2001). 
Furthermore, the absence of both cortical F-actin and 
the KCA1 kinesin at the site previously occupied by the 
preprophase band seems to be important for marking 
the cell division site (Smith, 2001; Vanstraelen et al., 
2006), although how this clearance is achieved is not yet 
understood.
Formation of the Cleavage Furrow
Signals for Furrow Formation in Animal Cells
The small GTPase Rho is the main regulator of actin 
dynamics in both interphase and mitotic animal cells 
(Piekny et al., 2005), and a number of lines of evidence 
suggest that it is a critical target for cleavage furrow 
induction. Biochemical inactivation or depletion of RhoA, 
the main Rho isotype in mammalian cells, prevents any 
furrowing in telophase and similar observations have 
been made in other organisms (Piekny et al., 2005). Fur-
thermore, active RhoA accumulates in a narrow zone 
on the cortex at the presumptive site of cleavage furrow 
formation (Bement et al., 2005; Yuce et al., 2005). The 
delineation of this zone of RhoA depends on microtu-
bules and displacement of the mitotic spindle results in 
repositioning of the band of active RhoA (Bement et al., 
2005), suggesting that the spindle determines the posi-
tion of upstream regulators of RhoA and hence furrowing 
activity.
What is the molecular nature of the signals emitted 
from the asters and the spindle midzone that induce 
cleavage furrowing and how do they impinge on RhoA? 
There are two alternative theories to explain cleavage 
furrow formation directed by the spindle asters. Signals emitted from the asters will either cause cortical relax-
ation close to the asters and therefore induce contrac-
tion at the equatorial region or stimulate contraction at 
the zone of astral microtubule overlap at the spindle 
equator (Glotzer, 2004). However, the molecular nature 
of the signals transmitted by microtubules and how they 
might control Rho activity has so far remained elusive. 
A genetic screen in C. elegans for factors that become 
essential for cleavage furrow formation in the absence of 
a central spindle identified the heterotrimeric G protein 
subunit GOA-1/GPA-16, the G protein regulators GPR-
1/2, and the DEP-domain protein LET-99 as molecules 
involved in the induction of aster-driven cleavage fur-
rows (Bringmann et al., 2007). However, this does not 
yet provide an obvious link to the control of Rho activ-
ity. Other recent evidence suggests a mechanism for the 
astral relaxation pathway, involving the negative regula-
tion of cortical myosin by astral microtubules (Werner et 
al., 2007). Inhibition of myosin accumulation at regions 
of high astral microtubule density at the poles and the 
generation of a region of low microtubule density at the 
cell equator would thus generate a region of high con-
tractility at the cell equator (Glotzer, 2004; Werner et al., 
2007). Although the molecular details of the aster-driven 
cleavage furrow induction are only beginning to emerge, 
it is clear that the central spindle conveys the spatial 
information for cleavage furrow formation by delivering 
Rho regulators to the correct region of the cortex (Piekny 
et al., 2005). These are the GDP-GTP exchange factor 
(GEF) ECT2/Pebble and the GTPase-activating protein 
(GAP) MgcRacGAP/CYK-4/RacGAP50C (Piekny et al., 
2005; Somers and Saint, 2003). Together, they form a 
complex restricted to the central spindle by the kine-
sin motor Mklp1/ZEN-4/Pav required for the cortical 
accumulation of RhoA in the furrow region (Yuce et al., 
2005).
Kinases Regulate Cleavage Furrow Formation
How is the activation of RhoA and the formation of a 
cleavage furrow regulated? Two serine/threonine kinases 
have recently been implicated in the control of early fur-
rowing events in animal cells, the Aurora B kinase and 
the polo-like kinase 1 (Plk1). Aurora B together with 
the inner centromere protein INCENP, the IAP repeat 
protein Survivin, and the protein Borealin is part of the 
chromosomal passenger complex (Vader et al., 2006; 
Vagnarelli and Earnshaw, 2004). The chromosome pas-
senger complex associates with chromatin in early mito-
sis, concentrates at the centromere in prometaphase 
and metaphase, and then transfers to the central spindle 
in anaphase (Earnshaw and Cooke, 1991). In animals, a 
variety of experiments demonstrate the involvement of 
this complex in cytokinesis (Vader et al., 2006; Vagnarelli 
and Earnshaw, 2004). Both central spindle formation 
and cleavage furrow induction fail in the absence of 
Aurora B, suggesting that the chromosome passenger 
complex is required at several steps during cytokinesis 
affecting both microtubule and cortical events (Kaitna et 
al., 2000). Interestingly, the requirement of Aurora B for Cell 131, November 30, 2007 ©2007 Elsevier Inc. 849
Figure 2. Regulation of Cytokinesis by 
Mitotic Kinases
(A) At the onset of anaphase, the chromosomal 
passenger complex—a complex of INCENP, 
Aurora B, Survivin, and Borealin proteins—
relocates from the centromeres to the central 
spindle. (Top) Immunoelectron microscopy re-
veals that INCENP is present on filaments run-
ning through the central spindle region and close 
to the cell cortex in the cleavage furrow. (Bottom 
left) Immunofluorescence reveals the presence 
of Aurora B (red) and hence the chromosomal 
passenger complex on central spindle microtu-
bules in anaphase. (Bottom right) In cells deplet-
ed of Mklp2, Aurora B remains at centromeres 
and fails to relocate to the central spindle micro-
tubules when cells enter anaphase. 
(B) Late in telophase the midbody has formed a 
dense barrier between the two forming daugh-
ter cells. Chromosomal passenger proteins are 
present on either side of the midbody, as shown 
by the localization of INCENP using immuno-
electron microscopy (top) and by localization of Aurora B in comparison with the kinesin motor proteins Mklp1 and Mklp2 using fluorescence 
microscopy (bottom). Chromosomes, blue; microtubules, green. Electron micrographs are from Earnshaw and Cooke (1991) and are reproduced 
with the permission of the Company of Biologists. Immunofluorescence images from Gruneberg et al. (2004) are reproduced with permission from 
The Journal of Cell Biology, 2004, 166: 167–172. Copyright 2004 The Rockefeller University Press.cytokinesis is specific for animal cells as in budding or 
fission yeast, the respective Aurora B homologs Ipl1 and 
Ark1 are not essential for cytokinesis. However, recent 
findings suggest that budding yeast have an additional 
signaling pathway controlling abscission, the final step 
of cytokinesis (Norden et al., 2006). This so-called 
“NoCut” pathway involves Ipl1 (Aurora B) and the Anillin 
homologs Boi1/2 and inhibits abscission in response to 
anaphase spindle defects, thus preventing chromosome 
missegregation caused by premature cytokinesis cut-
ting the incompletely segregated DNA. An inhibitory role 
for Aurora B in cytokinesis control has so far not been 
observed in fission yeast and animal cells and might 
therefore be specific for budding yeast. Intriguingly, in 
plants there are two Aurora homologs that localize to the 
spindle midzone and might also contribute to the control 
of cytokinesis, although there is no data on their function 
(Demidov et al., 2005).
In mammalian cells the chromosome passenger com-
plex is transferred from the centromeres to the spindle 
midzone at the onset of anaphase by the MKlp2/Subito 
family of mitotic kinesins, and cytokinesis fails if this 
event is disrupted (Cesario et al., 2006; Gruneberg et 
al., 2004; Figure 2). Although the details discussed here 
are specific to animal cells, observations in plants indi-
cate that spatial restriction of protein kinases by kinesin 
motors is a general feature of cell division. In this case, 
the kinesin-related proteins HINKEL/NACK1 transport a 
MAP3K NPK1 to phragmoplast microtubules that pro-
mote cell plate formation (Jurgens, 2005).
In anaphase INCENP can be detected on fibers closely 
apposed to the cell cortex by immunoelectron micros-
copy (Earnshaw and Cooke, 1991), suggesting that the 
chromosome passenger complex is important for trans-
mitting signals from the central spindle to the cortex. 
The finding that the appearance of INCENP at the cortex 
precedes other proteins involved in cytokinesis, such as 850 Cell 131, November 30, 2007 ©2007 Elsevier Inc.myosin II (Earnshaw and Cooke, 1991), corroborates this 
idea. Data obtained in tissue culture cells are consistent 
with a role for the chromosome passenger complex, and 
specifically the Aurora B kinase, in promoting cleavage 
furrow induction and ingression (Gruneberg et al., 2004; 
Petronczki et al., 2007). However, the phenotype of C. 
elegans AIR-2 (Aurora B) mutants is more indicative of 
a role in linking the central spindle with the ingressing 
cleavage furrow and thereby stabilizing it, given that 
AIR-2 mutants form deep cleavage furrow ingressions 
but then cannot complete cytokinesis (Kaitna et al., 
2000; Severson et al., 2000). Again, this stresses the 
greater importance of the aster-driven cytokinesis path-
way in worm embryos, and perhaps early embryonic 
divisions in general. To understand how the chromo-
some passenger complex relays a signal from the cen-
tral spindle to the cell cortex, it is necessary to identify 
anaphase substrates for Aurora B. Importantly, of the 
substrates identified to date, two, Mklp1 and MgcRac-
GAP, are components of the “centralspindlin” complex 
linking Rho regulation at the cell cortex with the central 
spindle microtubules (Guse et al., 2005; Minoshima et al., 
2003; Neef et al., 2006). MgcRacGAP was first identified 
as a Rac-GAP expressed in male germ cells that local-
ized to the midbody and affected cytokinesis (Hirose 
et al., 2001; Toure et al., 1998). In biochemical assays 
MgcRacGAP displays stronger GAP activity toward Rac 
and Cdc42 than toward RhoA. However, these assays 
were only conducted with the GAP domain of MgcRac-
GAP, and this is known to be problematic for the analy-
sis of specificity from studies of other GAPs (Kupzig et 
al., 2006). In contrast to RhoA, neither Rac nor Cdc42 
are absolutely required for cytokinesis (Jantsch-Plunger 
et al., 2000), making it likely that the in vivo target for 
MgcRacGAP is actually RhoA. Interestingly, it has been 
suggested that phosphorylation of MgcRacGAP by 
Aurora B induces a latent GAP activity toward RhoA 
in MgcRacGAP (Minoshima et al., 2003). Because the 
putative Aurora B phosphorylation site in MgcRacGAP 
is not conserved in all species and it is unclear how this 
would work mechanistically (Mishima and Glotzer, 2003), 
this model is controversial.
A direct role for regulating Rho accumulation at the 
cortex and Rho effectors has recently been demon-
strated for Plk1 in animal cells (Burkard et al., 2007; Low-
ery et al., 2007; Petronczki et al., 2007) and its equivalent 
Cdc5 in budding yeast (Yoshida et al., 2006). Use of a 
genetically engineered Plk1 allele that can be inhibited 
by a purine analog or specific small-molecule inhibitors 
have made it possible to study the role of Plk1 in ana-
phase without interfering with its earlier mitotic functions 
(Brennan et al., 2007; Burkard et al., 2007; Petronczki et 
al., 2007; Santamaria et al., 2007). These studies show 
that Plk1 activity is critically required for the recruitment 
of the RhoA GTP exchange factor ECT2 to the central 
spindle. As a consequence of Plk1 inhibition RhoA accu-
mulation at the cortex is prevented and cleavage furrow 
formation is abrogated. Similarly, in budding yeast, Cdc5 
promotes the recruitment and activity of two Rho GEFs, 
Tus1 and ROM2, at the division site and hence the local-
ized activation of Rho1 during cytokinesis (Yoshida et 
al., 2006). Interestingly, in mammalian cells, the combi-
nation of Plk1 and Aurora B inhibitors results in a more 
severe loss of furrowing activity, suggesting that Plk1 
and Aurora B have discrete targets in cleavage furrow 
induction (Petronczki et al., 2007).
Linking Actin and the Cleavage Furrow Membrane
It has long been appreciated that actin is the driving 
force for remodeling cell shape during cell division. 
Based on studies of myosin gels and invertebrate eggs, 
Marsland postulated in the 1950s that a cortical gel was 
responsible for generating the force needed to cleave a 
cell into two (see Marsland and Landau, 1954 and refer-
ences therein). This hypothesis combines a contractile 
force at the cell equator with relaxation at the cell poles 
to explain why cells typically elongate while pinching. 
We know now that this gel is comprised of actin, myosin 
II, and many actin-binding proteins and regulatory fac-
tors under the control of Rho family GTPases. This has 
been expertly covered elsewhere (Matsumura, 2005; 
Wang, 2005), and we will therefore focus here on recent 
advances in understanding furrow positioning and how 
the furrow interacts with the cell cortex.
The Rho family of GTPases have low rates of nucleotide 
exchange and GTP hydrolysis and therefore require addi-
tional regulatory factors. During cytokinesis this cycle of 
Rho activation and inactivation is controlled by the GEF 
ECT2/Pebble and GAP MgcRacGAP/Cyk-4/RacGAP50C 
(Piekny et al., 2005). As discussed above, MgcRacGAP is 
part of a complex together with the motor protein Mklp1 
that is restricted to the central spindle (Mishima et al., 
2002). This can then assemble together with ECT2 to form 
a ternary complex linking the central spindle microtubules 
with the cell cortex and thus spatially restrict Rho activation 
and actin polymerization (Somers and Saint, 2003; Yuce et al., 2005; Zavortink et al., 2005). There are still a number of 
open questions about this simple model. Most obviously, if 
both the GAP and GEF for Rho are in a single complex, how 
are their activities coordinated to allow net Rho activation?
In addition to the protein-mediated links between the 
central spindle and the cell surface, evidence is emerg-
ing for a function of the phosphatidylinositol lipid PI(4,5)
P2 in furrow positioning and cytokinesis (Field et al., 2005; 
Janetopoulos et al., 2005; Wong et al., 2005). These stud-
ies show that PI(4,5)P2 is concentrated in the cleavage fur-
row, fitting with previous observations that lipid kinases 
generating this lipid are required for cytokinesis in flies 
and fission yeast (Brill et al., 2000; Zhang et al., 2000). 
Phosphatidylinositol lipid transfer proteins that may help 
deliver substrate to these enzymes have also been found 
to be required for cytokinesis (Gatt and Glover, 2006; 
Giansanti et al., 2006). Sequestration of PI(4,5)P2 using 
specific lipid-binding domains does not prevent contrac-
tile ring formation, yet is does lead to a slight separation 
of the contractile ring from the membrane of the furrow lip 
(Field et al., 2005). Drugs that interfere with lipid hydro-
lysis give rise to a similar effect (Saul et al., 2004; Wong 
et al., 2005), suggesting that turnover of PI(4,5)P2 by lipid 
phosphatases is important. Fitting with these findings, a 
number of cleavage furrow components have either been 
shown to bind PI(4,5)P2 (Stock et al., 1999; Zhang et al., 
1999) or are predicted to have PI(4,5)P2 binding domains 
(Chalamalasetty et al., 2006; Oegema et al., 2000). ECT2 
has a DH/PH type GEF domain and its activity may be 
controlled by lipid binding (Chalamalasetty et al., 2006), 
whereas the PH domain of the actin-binding protein Anil-
lin is required for it to target correctly to the cell cortex. 
Another function for inositol phosphates may be to control 
calcium flux during mitosis and cytokinesis (Ciapa et al., 
1994). Calcium has been implicated in cytokinesis (Chang 
and Meng, 1995; Wong et al., 2005), but it is not entirely 
clear how it would act, and there is evidence that although 
a calcium flux occurs in the furrow region this is unre-
lated to cytokinesis (Noguchi and Mabuchi, 2002). Thus 
PI(4,5)P2, like Rho, appears to have both structural and 
regulatory roles in controlling furrow initiation. A simple 
model would be that furrow initiation may involve coin-
cidence detection of PI(4,5)P2 and microtubule-depen-
dent Rho activation by ECT2, and furrow refinement and 
ingression require the dynamic turnover of both Rho and 
PI(4,5)P2. This fits with observations showing that dynamic 
actin turnover rather than stable actin filaments are needed 
for normal furrow ingression (Zumdieck et al., 2007). In line 
with this, inactivation of either formins or profillin that pro-
mote actin filament growth downstream of Rho (Evange-
lista et al., 2003) and cofilin, which severs actin filaments, 
causes defects in cytokinesis (Bamburg, 1999).
How Does the Cleavage Furrow Form?
Although progress has been made in understanding the 
molecular mechanisms of local Rho activation, and actin 
polymerization, exactly how this leads to the formation 
of a cleavage furrow is less certain. The contractile ring 
hypothesis posits that the combined accumulation of Cell 131, November 30, 2007 ©2007 Elsevier Inc. 851
actin and myosin II at the cell equator leads to the forma-
tion of contractile filaments that are drawn together like 
a “purse string” by the action of myosin II (Wang, 2005). 
Actin polymerization, driven by both formins and the 
Arp2/3 complex (Pelham and Chang, 2002), also con-
tributes to the constriction of the ring, although the exact 
contribution of these different players is still disputed. 
Figure 3. The Central Spindle—A Self-Organizing System
A model for the function of the microtubule-associated protein PRC1 
at the central spindle invokes sequential recruitment of multiple fac-
tors required for the different stages of cytokinesis. Initially PRC1, the 
kinesin Mklp1, and the GTP exchange factor ECT2 are inhibited by 
Cdk1 activity. PRC1 is able to bind to antiparallel microtubules in the 
forming spindle, but cannot bundle them. At the onset of anaphase, 
Cdk1 is inactivated and Cdk1 substrates become dephosphorylated. 
PRC1 then promotes microtubule bundling and helps to recruit cen-
tralspindlin, Mklp2, and KIF4. Together these define and extend the 
forming central spindle microtubule bundles. PRC1 recruits Plk1 to 
these microtubules where it phosphorylates substrates required for 
cytokinesis. Mklp2 helps to relocate Aurora B to the central spindle 
region, where it phosphorylates centralspindlin and thus promotes 
its assembly with the GEF ECT2 at the cell cortex. This is important 
for defining the active band of Rho that controls actomyosin ring as-
sembly and furrow ingression. Later, these proteins are degraded and 
other factors are recruited to promote the later stages of cytokinesis 
following midbody formation. These late-acting factors include KIF14 
and Citron kinase (CitK), which act downstream of Rho in abscission. 
Finally, membrane fusion occurs to promote abscission.852 Cell 131, November 30, 2007 ©2007 Elsevier Inc.Studies in fission yeast provide some clues to the order 
of events in contractile ring assembly (Wu et al., 2003, 
2006). These studies show that one of the earliest events 
is recruitment of the Anillin Mid1 to the cell cortex, fol-
lowed by myosin II and then formins, and finally septins 
(discussed below) (Wu et al., 2003). This results in the 
formation of small actin patches termed “nodes,” which 
nucleate actin filaments under the control of Rho and 
formins in early anaphase (Wu et al., 2006). These nodes 
then get drawn together in a necklace-like array during 
late anaphase and telophase, probably due to the action 
of myosin II (Wu et al., 2006). Although this sequence of 
events may be specific to fission yeast, actin, myosins, 
and associated proteins are found in patches distributed 
over the cell cortex in early anaphase animal cells (Eck-
ley et al., 1997; Werner et al., 2007), suggesting that there 
may be some similarities to fission yeast.
Both Rho and PI(4,5)P2 are expected to have high 
diffusional mobility in the membrane, unless they are 
restricted by sequestration or some form of diffusion 
barrier. During cytokinesis, septins may help form just 
such a diffusion barrier (Dobbelaere and Barral, 2004). 
Septins are filament-forming GTPases that assemble 
into two rings at the cell cortex on either side of the acto-
myosin contractile ring. Their assembly is directed by 
the acting binding protein Anillin and is thought to help 
stabilize the contractile ring and restrict spreading of the 
cleavage furrow (Kinoshita et al., 2002; Oegema et al., 
2000; Wu et al., 2003). Septins therefore help restrict the 
position of the contractile ring so that furrow ingression 
will reliably occur at a site between the segregated chro-
mosomes.
Temporal Regulation of Cytokinesis in Animal and 
Plant Cells
The division site can be specified prior to chromosome 
segregation, as in budding yeast and plants (Figure 1); 
however, it is important that initiation of cytokinesis and 
furrow formation does not occur until the chromosomes 
have begun to segregate at the onset of anaphase. 
Cytokinesis is then completed as cells exit mitosis and 
enter G1. Although there are apparent exceptions such as 
the fission yeast S. pombe, which enter S phase before 
completing cytokinesis in order to optimize growth rate, 
so that cytokinesis is already initiated as the cells exit 
mitosis (Figure 1), in all cases chromosome segregation 
and cytokinesis have to be coordinated. This temporal 
control is achieved through a number of overlapping 
mechanisms, which either prevent or promote the initia-
tion of furrow and anaphase central spindle formation. 
Yeast are a special case in this context because they 
have a closed mitosis, i.e., their nuclear envelope does 
not break down during mitosis, and therefore direct con-
tacts between the anaphase spindle and the cell cortex 
cannot explain the temporal or spatial control of cytoki-
nesis. In both budding and fission yeast signaling path-
ways assembled on the spindle pole body controlling the 
exit from mitosis (MEN—mitotic exit network) and the ini-
tiation of septum formation (SIN—septum initiation net-
work), respectively, have evolved to address this issue 
(Simanis, 2003). These signaling pathways have been 
expertly covered elsewhere (Bardin and Amon, 2001; 
Simanis, 2003) and will therefore not be discussed here.
In all organisms the onset of anaphase correlates with 
a drop of Cdk1/cyclin B1 activity, and persistent Cdk1/
cyclin B1 activity has been shown to interfere with central 
spindle formation and cytokinesis (Wheatley et al., 1997). 
Indeed, recent reports demonstrated that the inhibition 
of Cdk1 kinase activity by drugs is sufficient to induce 
cytokinesis in the absence of chromosome segregation 
in tissue culture cells (Niiya et al., 2005). This observation 
highlights the need for temporal coordination of Cdk1 
inactivation, chromosome segregation, and cytokinesis. 
Simply put, Cdk1 activity must be maintained above the 
threshold preventing cytokinesis until the chromosomes 
are properly segregated. It is therefore unsurprising that 
protein complexes required for cytokinesis are direct 
targets for negative regulation by Cdk1/cyclin B until 
the onset of anaphase. Among the best understood are 
the centralspindlin complex and the spindle MAP PRC1 
(Jiang et al., 1998; Mishima et al., 2002, 2004). The Mklp1 
component of centralspindlin is phosphorylated by Cdk1 
adjacent to the motor domain and is therefore unable to 
interact with or move along microtubules (Mishima et al., 
2004). In addition, Cdk1-phosphorylated ECT2 adopts 
an autoinhibited conformation that cannot interact with 
centralspindlin (Yuce et al., 2005). Together, this prevents 
the localized activation of RhoA by ECT2 prior to chro-
mosome segregation. PRC1, the mammalian homolog 
of yeast Ase1 (Juang et al., 1997), was identified as a 
dimeric spindle MAP and Cdk1 substrate with an essen-
tial function in anaphase spindle elongation and cytoki-
nesis (Figure 3), but not earlier events in mitosis (Jiang 
et al., 1998; Schuyler et al., 2003). It was later found that 
PRC1 and its homologs SPD-1/Feo/MAP65 have a con-
served function in the assembly of the central spindle 
in anaphase (Mollinari et al., 2002; Muller et al., 2004; 
Schuyler et al., 2003; Verbrugghe and White, 2004; Verni 
et al., 2004). In both animal and plant cells it has been 
shown that Cdk1 phosphorylation of PRC1 prevents it 
bundling microtubules in the early stages of mitosis, and 
that this antiparallel bundling activity is the key to forma-
tion of organized anaphase spindle microtubules (Mao et 
al., 2005; Mollinari et al., 2002; Smertenko et al., 2006). 
In plants, in addition to Cdk1, MAPK has also been impli-
cated in negative regulation of MAP65 (Smertenko et al., 
2006). Recently, details have emerged that show that 
PRC1 function is more complex than previously thought. 
Rather than simply bundling microtubules, PRC1 binds 
multiple kinesins found at the central spindle and mid-
body in mammalian cells, including Mklp1, Mklp2, KIF4, 
CENP-E, and KIF14 (Gruneberg et al., 2006; Kurasawa 
et al., 2004). In the absence of PRC1 none of these kine-
sins can establish their normal localization in anaphase 
(Gruneberg et al., 2006; Kurasawa et al., 2004; Neef et 
al., 2007). Whether any of the unique kinesins implicated in phragmoplast formation and plant cell division interact 
with MAP65 also remains to be determined. However, it 
is interesting to note that TAN1, another MAP associated 
with the division site in plants interacts with POK1 and 2, 
two kinesins important for positioning the phragmoplast 
(Muller et al., 2006). Therefore it is likely that interactions 
between anaphase spindle MAPs and motor proteins 
have a general function in cytokinesis.
Temporal Regulation of Plk1 Activity in Animal Cells
In contrast to Cdk1, which inhibits cytokinesis (Wheatley 
et al., 1997), kinases of the Aurora and Polo families act 
during anaphase to promote cytokinesis as discussed 
above (Barr et al., 2004; Vader et al., 2006). Recently, 
details on the temporal control of Plk1 action have 
emerged. Plk1 has different sites of action at different 
times during mitosis, and this is achieved through inter-
action of its phosphopeptide-binding domain with a vari-
ety of binding partners (Barr et al., 2004; Elia et al., 2003; 
Lowery et al., 2007). In prometaphase and metaphase, 
Cdk1 creates docking sites for Plk1 on proteins involved 
in controlling entry into mitosis and spindle formation 
(Barr et al., 2004). In anaphase, Plk1 should interact with 
a different set of factors to promote cytokinesis, yet it 
has been unclear how this choice of different partners 
in early and late stages of mitosis is achieved. A recent 
study shows that PRC1 is the quantitatively major bind-
ing partner for Plk1 on anaphase spindles, and that while 
Cdk1 creates Plk1 docking sites on some proteins in pro-
metaphase, it inhibits binding of Plk1 to PRC1 (Neef et 
al., 2007). Once Cdk1 is inactivated at the onset of ana-
phase, these inhibitory phosphorylations are removed, 
and Plk1 self-primes its docking site on PRC1 and thus 
drives its own recruitment to the central spindle (Neef et 
al., 2007).
Nuclear Sequestration as a Regulatory Mechanism
In addition to direct control by protein phosphoryla-
tion, nuclear sequestration of components required for 
cytokinesis during interphase is also of importance. This 
can explain how factors such as ECT2 do not cause 
premature activation of Rho at the cell cortex and fur-
row formation in interphase cells (Chalamalasetty et al., 
2006; Yuce et al., 2005). Similarly, mitotic kinesins and 
spindle MAPs important for remodeling the microtubule 
cytoskeleton at the onset of anaphase also accumulate 
in the nucleus late in S phase (Chalamalasetty et al., 
2006; Jiang et al., 1998; Neef et al., 2006). Conversely, 
re-import into the nucleus may also be important during 
the later stages of cytokinesis, once the nuclear envelope 
has reformed. In the case of ECT2, this may limit its activ-
ity at the furrow and hence reduce the amount of actin 
polymerization, thus allowing the membranes to come 
close enough to allow abscission. However, this creates 
a problem for other molecules like Mklp1 that are origi-
nally sequestered in the nucleus during interphase but 
are required for midbody integrity and the late stages of 
cytokinesis (Kuriyama et al., 2002). Recent observations 
indicate that the nuclear localization sequence of Mklp1 
is negatively regulated by an overlapping Aurora B phos-Cell 131, November 30, 2007 ©2007 Elsevier Inc. 853
phorylation, and that this is required to prevent Mklp1 
from re-entering the nucleus late in cytokinesis (Neef et 
al., 2006). These findings also provide a link between 
Mklp1 and Mklp2, the two mitotic kinesins of vertebrate 
cells, given that Mklp2 is important for restricting Aurora 
B to the central spindle and hence Mklp1 phosphoryla-
tion. Once nuclear envelope breakdown occurs at the 
G2/M transition, this sequestration mechanism no lon-
ger functions, and additional inhibitory mechanisms are 
needed. In this context it is unlikely to be a coincidence 
that a number of these sequestered proteins, including 
Mklp1, PRC1, and ECT2, are inhibited by Cdk1 during 
prometaphase and metaphase.
Protein Degradation as a Control Mechanism 
Regulating Cytokinesis
Like other cell-cycle transitions, targeted protein degra-
dation plays an important role in controlling mitotic exit 
and cytokinesis. During mitosis, this is carried out by 
the anaphase-promoting complex/cyclosome (APC/C) 
ubiquitin ligase, which recognizes substrates together 
with two adaptor proteins, Cdc20 and Cdh1 (Peters, 
2006). These ubiquitin-conjugated proteins are then 
recognized and degraded by the proteasome. APC/C is 
known to target Plk1 and the yeast PRC1 homolog Ase1 
for degradation during anaphase, and interfering with 
this process prevents normal mitotic exit and cytokine-
sis (Juang et al., 1997; Lindon and Pines, 2004; Visintin 
et al., 1997). However, other proteins, such as Mklp1 and 
Mklp2, showing limited stability during mitotic exit lack 
any obvious destruction signal and it is therefore unclear 
how their stability is regulated.
In summary, the temporal control of cytokinesis is 
achieved by a collection of overlapping mechanisms. 
Components of the cytokinesis machinery are seques-
tered in the nucleus of late S phase cells prior to nuclear 
envelope breakdown. Then, as cells enter mitosis, Cdk1 
phosphorylation inhibits many of the key players, pre-
venting them from forming complexes that promote 
cytokinesis. At the onset of anaphase, these inhibitory 
phosphorylations are removed, and a second round of 
protein phosphorylation occurs mediated by Polo and 
Aurora family kinases. These anaphase-specific phos-
phorylations promote the assembly of protein com-
plexes required for cytokinesis. Finally, many of these 
proteins are degraded thus limiting their action to once 
per cell cycle.
Membrane Trafficking in Cytokinesis—Making the 
Final Cut
The final event in cytokinesis is the abscission event 
leading to two separate cells. It must almost cer-
tainly involve membrane fusion, as mechanical force 
“ripping” the cell in two is a crude and imprecise 
mechanism. Ripping also requires force generation 
for example through cell motility, and this is not pos-
sible for yeast, plants, or early embryonic divisions. 
Vesicle trafficking and membrane fusion events are 
under the control of a conserved network of vesicle 854 Cell 131, November 30, 2007 ©2007 Elsevier Inc.coat proteins, Rab-family GTPases, and the SNARE 
membrane fusion proteins (Jahn and Scheller, 2006), 
and there is a variety of evidence indicating that com-
ponents of this system are required for cytokinesis 
(Assaad et al., 2001; Gromley et al., 2005; Kouranti et 
al., 2006; Low et al., 2003; Lukowitz et al., 1996; Xu 
et al., 2002). Although no clear picture of the under-
lying membrane-trafficking and fusion events has 
yet emerged, we attempt to provide a framework to 
explain what these might be by bringing together data 
obtained from different organisms.
Membrane Fusion in Plant Cytokinesis
Perhaps the best understood role for membrane traffick-
ing in cytokinesis is in plants, where a membrane struc-
ture forms along an equatorial array of microtubules 
called the phragmoplast (Jurgens, 2005; Smith, 2001). 
The fusion of these membrane vesicles requires the 
SNARE Knolle, which shows cell-cycle-regulated expres-
sion in agreement with a specialized function in cytoki-
nesis (Lauber et al., 1997; Lukowitz et al., 1996; Muller 
et al., 2003). In addition, Keule, a Sec1 family SNARE 
regulatory protein, interacts with Knolle and is required 
for its function in membrane fusion (Assaad et al., 2001). 
This growing membrane structure, or cell plate, grows 
outwards from the interior of the cell until it fuses with 
the parental wall to create two physically separated cells 
(see Figure 1). One important question is where does 
the membrane needed to build the cell plate come from. 
Older studies have implicated the Golgi as a source of 
cell plate membrane; indeed the drug brefeldin A (BFA) 
blocks cell plate formation when applied to cells entering 
anaphase (Samuels et al., 1995; Yasuhara et al., 1995). 
One caveat to the use of BFA is that it acts via inhibiting 
the Sec7 domain family of ARF GEFs (Mossessova et al., 
2003), yet in plants it is unclear which of these GEFs are 
actually BFA sensitive. Therefore, although BFA sensi-
tivity implicates ARF-dependent membrane trafficking, 
it cannot be taken as direct evidence for a role of the 
Golgi in cell plate formation. More recent work shows 
that Knolle resides in a population of endosomes that 
give rise to the new cell plate and that the rate of endo-
cytosis is greatly increased during cell plate formation 
(Dhonukshe et al., 2006). Although actin does not appear 
to play a direct role in plants in the sense of forming a 
cleavage furrow, actin-depolymerizing drugs interfere 
with cell division, and a plant formin AtFH5 is present at 
the cell plate and required for cytokinesis (Ingouff et al., 
2005). This observation may again implicate endocytic 
trafficking, as actin dynamics and endocytosis are intri-
cately linked in many cellular processes (Kaksonen et 
al., 2006). Therefore, endocytic and possibly secretory 
membrane trafficking, coordinated by actin and microtu-
bules, contribute to cell plate formation and cytokinesis 
in plants.
The Role of the Exocyst in Cytokinesis
Genetic studies have provided clear evidence for a role 
of vectorial protein transport in cell division in budding 
yeast. Here, the fusion of Golgi-derived vesicles to the 
Figure 4. Abscission in Animal Cell 
 Cytokinesis
(A) Intracellular bridge and midbody structure 
(Mullins and Biesele, 1977) showing microtubules 
entering the dense midbody matrix comprised of 
Mklp1 and other components (Kuriyama et al., 
2002). Microtubules are closely abutted to the 
plasma membrane (narrow segment), but before 
entering the midbody, the microtubules splay 
out and lose this close contact with the plasma 
membrane. The electron micrograph from Mul-
lins and Biesele (1977) is reproduced with per-
mission from The Journal of Cell Biology, 1977, 
73: 672–684. Copyright 1977 The Rockefeller 
University Press. 
(B) A model for membrane trafficking during 
cytokinesis in animal cells. (i) Late in telophase, 
membrane vesicles are delivered along microtu-
bules down the intracellular bridge. These vesi-
cles may be delivered from the Golgi or endocyt-
ic compartments in the cell body (open arrows) 
or may arise directly by endocytosis adjacent to 
the midbody (filled arrows), or possibly from both 
sources. Initial tethering of these vesicles is ex-
pected to be dependent on both a Rab GTPase 
and the exocyst-tethering complex. Abscission 
is an asymmetric process, preferentially occur-
ring on one side of the midbody, perhaps controlled by the centrosomes and a subset of centrosomal proteins such as centriolin (Gromley et al., 
2005; Piel et al., 2001). (ii) Retraction of microtubules from the midbody allows these membranes to fuse both with one another and with the plasma 
membrane. This fusion event is dependent on SNAREs (Syntaxin-2 and endobrevin) and the exocyst-tethering complex (Gromley et al., 2005; Low 
et al., 2003). This could be viewed as analogous to cell plate formation in plants. (iii) Abscission occurs once this membrane network completely fills 
this space and creates a new section of plasma membrane. Recent evidence suggests that this involves the ESCRT complex (Carlton and Martin-
Serrano, 2007; Morita et al., 2007; Spitzer et al., 2006). Microtubules, green; midbody, dark blue.plasma membrane requires a large protein complex 
termed the exocyst (Munson and Novick, 2006). The 
exocyst recognizes vesicles because they carry Sec4, a 
Rab-family GTPase, and interacts with the plasma mem-
brane through the SNARE-like protein Sec9 and one of 
three Rho-family GTPases (Munson and Novick, 2006). 
Localized Rho activation controls both the polarized 
growth of yeast cells and the delivery of vesicles to the 
bud neck to promote septum formation and cytokine-
sis (Pruyne and Bretscher, 2000). This provides a clear 
framework for directed vesicle targeting during budding 
yeast cell growth and division. In animal cells, although 
the exocyst has been implicated in cytokinesis (Gromley 
et al., 2005), it lacks the Rho-binding domain but binds 
to another set of GTPases instead (Munson and Novick, 
2006). The obvious possibility that localized Rho acti-
vation at the cleavage furrow might recruit the exocyst 
and directly target vesicle trafficking is thus unlikely to 
be correct. Therefore other mechanisms are needed to 
target the exocyst. In this context, the interactions of the 
exocyst with RalA, Rab11, and the Rab11 effector pro-
tein FIP3 are relevant (Chen et al., 2006; Fielding et al., 
2005; Wilson et al., 2005). Recently, the centrosome and 
midbody protein centriolin was also found to be an inter-
action partner of the exocyst in human cells and to be 
required for cytokinesis (Gromley et al., 2005). At first 
glance it seems confusing that the exocyst would need 
multiple recruitment pathways to promote cytokinesis. 
One simple explanation is that depending on the cell line 
or tissue under investigation, these different pathways 
may be of greater or lesser importance. Accordingly, Rab11 and some exocyst subunits have been reported 
to be more important for asymmetric cell divisions where 
cells adopt different fates (Emery and Knoblich, 2006).
How Is Abscission Achieved?
Exactly which membrane trafficking event is required 
for cytokinesis, and is this the same in all organisms? 
Although BFA does not appear to block cytokinesis in 
vertebrate cells (Boucrot and Kirchhausen, 2007), it can 
do so for C. elegans (Skop et al., 2001). As mentioned 
above, this may reflect the different BFA sensitivities 
of the ARF-GEFs or indicate that different membrane-
trafficking pathways are important. Although both 
endosomes and Golgi cluster around the centrosomes 
and flank the central spindle region in vertebrate cells 
(Boucrot and Kirchhausen, 2007; Hill et al., 2000), nei-
ther organelle is enriched at or adjacent to the midbody, 
where the cytokinetic event is thought to occur. In fact, 
older electron microscopy studies indicate that the 
densely packed array of microtubules in the central spin-
dle and at the midbody rather excludes membranes from 
this region (Mullins and Biesele, 1977) (Figure 4A). This 
suggests that membrane delivery may only occur at a 
late stage in cytokinesis once the central spindle micro-
tubules start to become remodeled (Mullins and Bie-
sele, 1977). This idea would fit with the observation that 
proteolysis of proteins such as Plk1 and PRC1/Ase1 is 
important for completing cytokinesis (Juang et al., 1997; 
Lindon and Pines, 2004; Visintin et al., 1997). An alterna-
tive but not exclusive possibility is that vesicles may not 
need to be delivered to this region, given that they could 
arise by endocytosis adjacent to the midbody. Evidence Cell 131, November 30, 2007 ©2007 Elsevier Inc. 855
for this comes from reports that clathrin-dependent 
endocytosis contributes to animal and yeast cell division 
(Boucrot and Kirchhausen, 2007; Gachet and Hyams, 
2005; Schweitzer et al., 2005) and that Rabs implicated 
in endocytic recycling act in animal cell division (Kouranti 
et al., 2006; Wilson et al., 2005). Furthermore, in recent 
years it has become clear that actin dynamics at the 
plasma membrane and endocytic membrane trafficking 
are intricately linked processes (Kaksonen et al., 2006). 
Because the cleavage furrow and midbody region are 
in part defined by actin function, this provides further 
albeit circumstantial evidence for a general role of endo-
cytosis in the abscission process. Very recent evidence 
casts these observations in a different light. Studies by 
a number of groups in plant and animal cells indicate 
that cytokinesis requires components of the endosomal 
sorting (ESCRT) machinery (Carlton and Martin-Serrano, 
2007; Morita et al., 2007; Spitzer et al., 2006), involved 
in the sorting of cargo molecules destined for the lyso-
some, in the endocytic pathway, and in the budding of 
some enveloped viruses (Williams and Urbe, 2007). Nor-
mally, ESCRT components assemble onto endosomal 
membranes through recognition of ubiquitylated mem-
brane proteins and phosphatidylinositol lipids and sort 
these membrane proteins into membrane vesicles that 
topologically bud out of the cytoplasm (Williams and 
Urbe, 2007). In the context of cytokinesis, the ESCRT 
components ALIX and TSG101 make interactions with 
the midbody protein CEP55 (Carlton and Martin-Ser-
rano, 2007; Morita et al., 2007), and it will be interesting 
to see if its cargo-sorting and vesicle-budding proper-
ties are important for remodeling the plasma membrane 
to promote abscission in cytokinesis.
Another question is where exactly does abscission 
occur? This has long been known to be an asymmetric 
event with one of the two daughter cells getting the rem-
nant of the midbody. This suggests an underlying asym-
metry in the membrane trafficking and fusion processes 
mediating abscission, yet how this is generated is not 
fully understood. One explanation for this asymmetry 
is that abscission may simply be a stochastic process. 
Alternatively, the position of the centrioles may dictate on 
which side of the midbody cleavage will occur (Piel et al., 
2001), perhaps by preferentially delivering centrosomal 
proteins needed for cytokinesis (Fabbro et al., 2005; 
Gromley et al., 2005). However, the recent report of flies 
without centrioles calls into question a direct function 
for the centrosome in cytokinesis in animal cells, given 
that these flies lack any centrosomes yet are viable and 
have surprisingly subtle mitotic defects, affecting only 
a small percentage of asymmetric cell divisions (Basto 
et al., 2006). In addition, both plants and early mouse 
embryos lack centrosomes yet are still capable of under-
going successful mitosis and cytokinesis (Szollosi et al., 
1972). Thus, although centrosomes may play a nones-
sential regulatory role in abscission in animal cells, they 
are apparently not essential components of the cytoki-
nesis machinery.856 Cell 131, November 30, 2007 ©2007 Elsevier Inc.These ideas are summarized in a working model for 
the late stages of cytokinesis in animal cells (Figure 4B). 
In this we propose that membrane trafficking is of major 
importance at late stages of cytokinesis and requires 
the remodeling of microtubules in the midbody region 
to allow space for the membranes to fuse together. At 
present the best evidence implicates endocytic mem-
brane trafficking as the primary source of membrane for 
cytokinesis in plant and animal cells, but it is difficult to 
exclude a role for secretory membrane trafficking from 
the Golgi.
Outlook
Although progress has been made in identifying the 
components of the cell division machinery, how these 
components are regulated and assemble to promote 
cytokinesis is only poorly understood. One idea is that 
structures such as the central spindle and contractile 
ring form two interdependent self-organizing systems, 
but this has yet to be properly investigated. For this, 
more quantitative in vitro and in vivo approaches are 
needed, and these have only recently been achieved 
(Wu and Pollard, 2005). A clear molecular and cell bio-
logical understanding of cytokinesis should result in the 
development of new therapeutic strategies for treating a 
number of diseases, including cancer.
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